Summary. The tandem repeat of a 28-base-pair (bp) sequence downstream of the human c-Ha-ras-1 oncogene was studied as a probe for DNA fingerprinting. Multiple hypervariable patterns were observed by Southern hybridization at low stringency. The patterns were specific to individuals, indicating the availability of the 28-bp repeat as a probe for DNA fingerprinting. Moreover, we cloned the tandem repeat of a 33-bp sequence, which cross-hybridized with the 28-bp repeat. This 33-bp repeat detected another set of hypervariable restriction fragments by Southern hybridization at the same stringency. These results suggests that 'probe walking' can be employed to develop novel probes that provide different DNA fingerprints.
Introduction
The human genome contains DNA regions consisting of tandem repeats of short sequences. These regions frequently show hypervariability due to extensive variation in the numbers of these repeats, providing highly informative genetic markers for linkage analysis and gene mapping (Nakamura et al. 1987; Donis-Keller et al. 1987 ).
Jeffreys and his colleagues have developed a DNA fingerprinting system utilizing the hypervariability of these regions (Jeffreys et al. 1985a) . They produced minisatellite probes, 3306 and 3315, which were able to simultaneously hybridize to a number of highly variable DNA regions. The Southern hybridization patterns obtained with these probes consist of multiple hypervariable fragments and are specific to individuals. As these fragments are stably inherited and segregate in a Mendelian fashion (Jeffreys et al. 1985a , DNA fingerprinting has become a powerful novel method for forensic applications including individual identification and paternity testing (Jeffreys et al. 1985b, c; Gill et al. 1985) .
Probes detecting multiple hypervariable DNA fragments are useful for zygosity testing (Hill and Jeffreys 1985) , bone marrow transplantation analysis ), screening of tumour DNA rearrangements (Colb et al. 1986; Thein et al. 1987) , and individual identification of animals (Burke and Bruford 1987; Jeffreys and Morton 1987; Wetton et al. 1987; Hoelzel and Amos 1988; Washio et al. 1989) . However, only a limited number of probes for DNA fingerprinting have been described so far: a 6-base-pair (bp) tandem repeat related to part of a Drosophila per gene ), a 15-bp tandem repeat within the protein III gene of phage M13 (VasOffprint requests to: K. Washio sart et al. 1987) , some tandemly reiterated sequences randomly cloned from a human genomic library (Buroker et al. 1987; Simmler et al. 1987) , and a 17-bp tandem repeat downstream of the alpha-globin gene (Fowler et al. 1988) .
In the present study we showed that a 28-bp tandemly reiterated sequence downstream of the human c-Ha-ras-1 oncogene hybridizes with multiple hypervariable restriction fragments of human DNAs at low stringency, indicating the availability of this 28-bp repeat as a probe for DNA fingerprinting. Moreover, we were able to clone the DNA fi'agments crosshybridizing with the 28-bp sequence. One of them consists of tandem repeats of a 33-bp sequence, which hybridizes with another set of hypervariable DNA fragments. These results suggest that 'probe walking' is an effective strategy for revealing new probes for DNA fingerprinting.
Materials and methods

Southern hybridization
Southern hybridization was carried out as previously described by Washio et al. (1989) . Briefly, human high-molecular-weight (HMW) DNAs were prepared from peripheral lymphocytes of Japanese subjects. The restriction endonuclease DNA digests were subjected to electrophoresis through agarose gels in a cold room at 4°C with circulation of the buffer, and then transferred to nitrocellulose filters. The plasmid DNA (pEJ) consisting of the human c-Ha-ras-1 oncogene and its flanking regions (Shih and Weinberg 1982; Capon et al. 1983 ) was digested with restriction endonucleases SphI and ClaI. The 860-bp fragment containing 29 tandem repeats of a 28-bp sequence was purified by 5% polyacrylamide gel electrophoresis and labeled with [Gt-32P] dCTP by nick translation. Hybridization was carried out in 1M NaC1 at 65°C as described by Honjo et al. (1979) . The filters were washed twice (30 rain each) in 1 × SSC (0.15 M NaCI/0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate (SDS) at 65°C and autoradiographed for 3-5 days at -70°C with an intensifying screen.
Cloning of the genomic DNAs related to the 28-bp repeat
A human genomic DNA library was constructed with Sau3AI partial digests of human HMW DNA using the Charon 28 phage as a vector. The host strain used was LE392. The nonamplified genomic library was screened under conditions of low stringency as used in Southern hybridization. About 100 positive signals were obtained from 100,000 recombinant phages screened. Two positive phages designated Ch28.HR4 and Ch28. HR16 were randomly chosen and their DNAs were purified. The 1.8-kb HindIII fragment from Ch28.HR4 and the 3.4-kb BamHI-KpnI fragment from Ch28.HR16 were subcloned into the chimeric plasmids pUC119 and pUC118 (Vieira and Messing 1987) , giving pC. HR4 and pC-HR16, respectively.
Determination of nucleotide sequences
Using exoIII nuclease and mung bean nuclease, we introduced unidirectional deletions into the inserts of the plasmids, pC.HR4 and pC-HR16, to various extents. Single-strand DNAs of these plasmids were rescued by the use of helper phage M13K07 (Vieira and Messing 1987) . The sequences were determined by the dideoxy nucleotide chain-termination method (Sanger et al. 1977) .
Results
Multiple hypervariable patterns of Southern hybridization
The tandem repeat of a 28-bp sequence downstream of the cHa-ras-1 oncogene has been described by Capon et al. (1983) . In each individual, only one or two fragments are observed that hybridize with the 28-bp probe at high stringency. The hyperpolymorphism at this locus is caused by a number of alleles, among which hypervariability of the numbers of repeats of the 28-bp sequence has been reported (Krontiris et al. 1985) . We also observed five alleles from only 21 unrelated samples examined (data not shown). The most common allele had a 2.7-kilobase (kb) HinfI or a 2.0-kb Sau3AI fragment, corresponding to allele 'al' as designated by Krontiris et al. (1985) . Four other alleles (a3, a4 and two rare alleles) could be identified using several restriction enzymes.
Under washing conditions of low stringency (1 × SSC, 0.1% SDS), each individual had multiple DNA fragments that hybridized with the 28-bp probe, as shown in Fig. 1 . Resolution of the patterns was maximized upon digestion with either of the four-base restriction endonucleases, Hinfl and Sau3AI. The larger DNA fragments were resolved more clearly than the smaller ones. In the size range larger than 4 kb, 15 and 18 fragments were observed on average in the HinfI and Sau3AI digests, respectively. These numbers were comparable to those for other DNA fingerprint probes previously reported. Among the larger fragments, a few fragments were shared between two individuals, but the majority were different. There were no identical patterns among 21 unrelated samples examined. The probability that two individuals showed the same hybridization patterns was estimated as 2.0 x 10 -1° in the HinfI digests and 9.3 x 10 -12 in the Sau3AI digests by the method described by Jeffreys et al. (1985b) .
To test the stable inheritance and the independent distribution in the human genome of these hypervariable DNA fragments detected by the 28-bp repeat, we analyzed six families consisting of 35 individuals. Figure 2 shows an example of the hybridization patterns obtained from a family sample, which consisted of parents and four offspring. All the fragments of the offspring could be traced back to their parents. Moreover, the parent's fragments segregated independently among the offspring. These results suggested that these hypervariable fragments were stably inherited and were derived from multiple independent loci. The 28-bp repeat Fig.1 . Southern hybridization patterns of Hinff and Sau3AI digests of random samples from Japanese subjects, using the 28-bp probe. Multiple hypervariable DNA fragments were obtained under lowstringency conditions, as described in the text. The sizes of the DNA fragments are indicated in kilobases (kb) Fig. 2 . Southern hybridization patterns of HinfI digests of DNAs from a family consisting of father, mother, three daughters, and one son, using the 28-bp probe. Experimental conditions were the same as those for Fig. 1 . Fragments transmitted from the father to the offspring are indicated by solid arrowheads, fragments transmitted from the mother to the offspring by open arrowheads, and fragments transmitted from either or both of the parents to all the offspring by solid circles downstream of the c-Ha-ras-1 oncogene could be, therefore, used as a novel probe for individual-specific DNA fingerprints.
Characterization of the DNAs related to the 28-bp repeat
Using the 28-bp repeat, a nonamplified human genomic library was screened under conditions of low stringency as used About 100 positive signals were obtained from 100,000 recombinant phages screened. We randomly chose two positive phages that were designated Ch28.HR4 and Ch28.HR16. The 1.8-kb HindIII fragment from Ch28.HR4 and the 3.4-kb BamHI-KpnI fragment from Ch28.HR16 were subcloned into plasmids pUCll9 and pUCll8, giving pC.HR4 and pC.HR16, respectively. Using the plasmid DNAs that were unidirectionally deleted by exonucleases, the DNA regions related to the 28-bp repeat were identified and their nucleotide sequences were determined. Figure 3 shows the nucleotide sequence of the related region in pC. HR16. Although the entire sequence of the region was not determined, we found the 13-tandem array of a 33-bp sequence. It was GC-rich and the consensus sequence was 5'-GTGGGGGAG (A/G) GTGCGGGATGTGGGCGGGGC GCA-3'. On the other hand, pC.HR4 showed some sequence matches with the 28-bp repeat, but there was no tandem structure in the related region.
Ch28-HR16
Using the insert DNA of the truncated pC.HR16 (the 33-bp repeat and either of its flanking sequences shown by the horizontal bar in Fig. 3) , we studied the Southern hybridization patterns of HinfI digests. Under high-stringency washing conditions (0.1 × SSC, 0.1% SDS), only the 2-kb fragment was observed in all 15 individuals examined, showing no hyperpolymorphism in this region (data not shown). Under the same low-stringency washing conditions as those used for the 28-bp repeat (1 x SSC, 0.1% SDS), multiple hypervariable fragments were observed. However, the majority of the fragments detected by the 33-bp repeat were not identical with those detected by the 28-bp repeat in the same individuals. Figure 4a compares the hybridization patterns of HinfI and Sau3AI digests obtained using the 33-bp repeat with those obtained using the 28-bp repeat. No identical patterns were detected by the 33-bp repeat among the individuals (Fig. 4b) .
We therefore obtained a novel DNA fingerprint using the 33-bp repeat.
Discussion
It is known that many tandemly reiterated sequences exist in the human genome. Using these tandem repeats, probes for DNA fingerprinting have been developed that hybridize simultaneously to a number of hypervariable DNA fragments at low stringency. Some of them have consensus sequences that are GC-rich (Jeffreys et al. 1985a; Nakamura et al. 1987) , whereas others are AT-rich (Simmler et al. 1987) .
In the present study, we showed that the tandem repeat of a 28-bp sequence downstream of the human c-Ha-ras-1 oncogene hybridized with multiple hypervariable restriction fragments in the human genome under low-stringency conditions and that the 28-bp repeat is available as a probe for DNA fingerprinting. We randomly cloned two DNA regions related to the 28-bp sequence from a human genomic library and characterized them. It was expected that the nucleotide sequences of these regions would be tandemly reiterated because the hypervariable regions so far reported are constructed from tandem repeats of short sequences. As expected, one of them revealed tandem repeats of a 33-bp sequence.
Using this as a probe, we were able to obtain similar multiple hypervariable Southern hybridization patterns. The original tandem repeat (the 28-bp repeat) and its relative (the 33-bp repeat) had some similarities in nucleotide sequence: the GC-rich consensus sequence of the 33-bp repeat was 5'-GTGG GGGAG (A/G) GTGCGGGATGTGGGCGGGGCGCA-Y, whereas the consensus sequence of the 28-bp repeat was 5'-CACTCCCCCTTCTCTCCAGGGGACGCCA-3'. However, the Southern hybridization patterns obtained using those two probes were markedly different. Most of the hypervariable DNA fragments detected by the 33-bp repeat did not hybridize with the 28-bp repeat, although a few common bands were detected. The Southern hybridization patterns were specific not only to individuals but also to probes.
These results mean that a tandem repeat probe can detect another probe that hybridizes with a discriminative set of DNA fragments and, therefore, that 'probe walking' as used in the present study is an effective strategy for developing novel probes for DNA fingerprinting.
